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Abstract – The acoustic-electric transformation in high-quality FeSe single crystals is studied.
In zero magnetic field we observe an abnormally strong electromagnetic radiation induced by a
transverse elastic wave. Usually a radiation of such intensity and polarization is observed only in
metals subjected to a high magnetic field (the radiation is caused by the Hall current). We argue
that in FeSe in zero magnetic field it is caused by the piezomagnetic effect which is most probably of
dynamical origin. We find that the piezomagnetism survives under the transition from the normal
to superconducting state. In the superconducting state the electromagnetic signal decreases with
decreasing temperature that is connected with the change in the London penetration depth.
An interplay between magnetic order and superconduct-
ing properties of 11-type Fe-based superconductors re-
mains an open question. For the most part, it is con-
nected with the fact that the magnetic state of such com-
pounds is uncertain. For the first time, epitaxial films
of tetragonal FeSe were studied at room temperature and
they behaved as ferromagnets with saturation magnetiza-
tion ∼ 500 emu/cm3 [1]. In [1] it was also mentioned a
manifestation of the anomalous Hall effect (AHE) in FeSe
films. Unfortunately, any information on the supercon-
ducting properties of these films was not obtained. The
AHE was also observed in epitaxial superconducting films
FeSe1−xTex (x = 0.5) [2], but the nature of the effect (fer-
romagnetic or antiferromagnetic) has not been clarified. In
the muon experiment [3] it was found that FeSe polycrys-
tals acquire the static magnetic order (presumably antifer-
romagnetic) at enhanced (> 0.8 GPa) pressure. The nu-
clear magnetic resonance experiment on a polycrystalline
FeSe [4] indicates an increase in antiferromagnetic fluc-
tuations close to the superconducting transition point. A
weak ferromagnetism with saturation magnetization ∼ 0.2
emu/cm3 was registered in FeSe single crystals [5]. At the
same time, the neutron diffraction [3] and Mossbauer ex-
periments [6] did not reveal any magnetic order in FeSe
polycrystals.
In all the papers cited above the samples were single-
phase objects (as confirmed by the X-ray analysis) and
there is no reason to attribute magnetic ordering (or its
tracks) to possible impurity phases. One should agree with
the point of view of [4] that FeSe is very close to the tran-
sition into a magnetically ordered state, and minor vari-
ations in the composition or internal stresses may favor
the transition (or, on the contrary, suppress it). In this
connection the study of perfect single crystals which com-
position provides a high degree of homogeneity becomes
of great importance.
In this letter we present the results of experiments on
an acoustic-electric transformation (AET) in high-quality
FeSe0.963±0.005 single crystals. These results are rather in-
triguing. In our opinion, they indicate the existence of
the piezomagnetic (PZM) effect in this crystal. It is com-
monly known [7] that piezomagnetism is only possible in a
magnetically ordered state. We argue that in our case it is
the state with a dynamical magnetic order. In the super-
conducting state the AET signal decreases, but it should
be accounted for the change in the London penetration
depth. The piezomagnetic coefficient remains of the same
value as in the normal state.
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Let us briefly describe the theoretical grounds for the
AET experiment. The experimental setup is shown in the
inset of Fig. 1. A more detailed information can be found
in [8–10]. A transverse elastic wave with the wave vector
q = (0, 0, q) and the displacement vector u = (u, 0, 0) en-
ters into the sample through a delay line. This wave can be
considered as an alternating and spatially modulated ion
current. It produces an electromagnetic ( EM) field which
forces free electrons to move to compensate the initial dis-
turbance, in accordance with the Le Chatelier principle.
For nonmagnetic samples the resultant current and the re-
sultant electrical component of the EM field are small by
the ratio of the electron mass to the ion mass (the inertial
Stewart-Tolman effect). They are aligned along the x-
axis. In the magnetic field H = (0, 0, H) the Lorentz force
applied to free electrons results in the appearance of the
y-components of the current and the electrical field (the
Hall components). In view of lack of the compensating
forces the Hall components exceed considerable the iner-
tial ones. Due to continuity of the tangential components
of the electric and magnetic field at the sample boundary
the EM field is radiated from the surface. The radiation
is registered by a polarized antenna (a flat coil). The an-
tenna registers the magnetic component of the EM field
(its projection on the normal to the antenna plane). Near
the interface the EM field is the plane wave and its electri-
cal component is equal the magnetic component. We will
discuss later only the electrical component E. Its projec-
tion on the antenna plane is referred to as the AET signal
E. It is the complex quantity and in our experiment we
measure its amplitude |E| and phase arg(E) at different
orientations of the antenna.
The EM field satisfies the Maxwell’s equations that yield
d2E
dz2
=
4piiω
c2
j+
4piiω
c
∇×m, (1)
where j is the resultant current, andm is the magnetic mo-
ment induced by the elastic wave. The time dependence
∝ exp(iωt) is implied. For a nonmagnetic metal one can
use the following local matter equation for the current
j = σˆ(E+W),
where σˆ is the conductivity tensor the explicit form of
which is well known from the theory of galvanomagnetic
phenomena [11]
σˆ = σ0
(
1 −Ωτ
Ωτ 1
)−1
(σ0 is the static conductivity, τ is the relaxation time, and
Ω is the cyclotron frequency), and W = (UST , Uind, 0)
is the extraneous electromotive force [12] with UST =
(m/e)ω2u, the Stewart-Tolman field, and Uind =
iω
c
Bu,
the inductive field (B is the magnetic induction in the
sample).
For m = 0 in the limit Ωτ ≪ 1 the solution of eq. (1)
has the form [10]
(
Ex
Ey
)
= −
k20
q2 + k20
(
UST − Ωτ
q2
q2+k2
0
Uind
Uind
)
, (2)
where k20 = 4piiωσ0/c
2 is the square of the characteristic
skin wave number. In deriving (2) we neglect the con-
tribution of nonlocal effects (proportional to the electron
mean free pass, see [8, 10, 12]) that are inessential for our
analysis.
For a superconductor in the Meissner state (B = 0) the
current satisfies the London equation iωj = (c2/4piλ2L)(E+
W), where λL is the London penetration depth. It yields
Ex = −
k2s
q2 + k2s
UST , Ey = 0, (3)
where k2s = λ
−2
L .
Thus in zero magnetic field (H = 0) only the Ex pro-
jection of the electric field should be different from zero.
Strictly speaking this conclusion corresponds to the case
where all the quantities depend only on the z-coordinate
(the one-dimensional case). The actual situation is a
three-dimensional one, but if the transverse size of the
sample exceeds the sound beam diameter the problem is
described satisfactorily as an effectively one-dimensional
one. In the latter case the dependence of the amplitude of
the AET signal on the antenna orientation (the polariza-
tion diagram) demonstrates an almost 100 percent modu-
lation. In smaller samples the distortion of the lines of the
current near the side surfaces results in the appearance of
the Ey component and in a reduction of the modulation
index, but the maximum keeps at the same orientation as
for large samples.
The measurements of the amplitude and phase of the
AET signal can be considered as a powerful tool for the
study of the vortex dynamics in superconductors. It allows
to obtain quantitative information on the vortex viscosity,
the vortex pinning strength [9], and the Magnus force [10],
and even to estimate the vortex mass [13].
Our initial goal of the AET experiments with FeSe was
the study of the dynamics of the vortex matter in this com-
pound. The single crystals of FeSe were grown by the tech-
nology, described in [14]. The samples under investigation
were the (001) facet platelets ∼ 1.5 × 1.5 mm2 in area.
These samples were used previously for the study of acous-
tic characteristics [15]. The high quality of single crystals
were confirmed by indexing the X-ray diffraction patterns
[14] and by the observation of the λ-anomaly in the heat
capacity at the superconducting transition [16]. The nar-
rowness of the superconducting transition (∼ 0.5K) seen
from the width of the longitudinal sound velocity jump [15]
also witnesses for the sample quality. The measurements
have been done in the pulsed mode at the frequency ∼ 55
MHz. The pulse power and duration is 10 ÷ 30 W/cm2
and 0.5 µs, correspondingly. The wave vector was directed
p-2
Piezomagnetism of FeSe single crystals
A
B
f=0
Fig. 1: The amplitude of the AET signals |E| versus φ, the
angle between the direction of the elastic displacement vector
and the normal to the plane of the receiving antenna. The
inset A is the temperature dependence of the amplitude at
φ = 0. The inset B is the experimental setup. Here P is the
piezoelectric transducer, s is the sample, DL is the delay line,
a is the polarized antenna, and n is the normal to the antenna
plane.
along the [001] axis of the sample. The diameter of the
sound beam was ∼ 3 mm. We use the equipment de-
scribed in [17]. To minimize thermoelastic stresses that
emerge at the junction between the sample and the delay
line a mylar film is embedded into the junction.
Against all the expectations, in the absence of an ex-
ternal magnetic field the recorded AET signal is in two
to three order larger than one expected for the inertial
field, and the maximum amplitude of the AET signal cor-
responds to the electrical field E presumably polarized in
the y (not x) direction. The polarization diagrams for
several temperatures are shown in Fig. 1. As is expected
for small samples the modulation index is relatively small.
The temperature dependence of the amplitude of AET
signal in the y-direction (φ = 0) is shown in the inset
A of Fig. 1. The signal appears below the temperature
of solidification of the silicone oil (GKZH-94) used as a
bonding material. Above the superconducting transition
the amplitude of the signal grows monotonically under de-
crease in temperature. The temperature dependence has
a jump in the derivative at the point of the tetra-ortho
transformation in FeSe. In the superconducting state the
amplitude of the signal decreases.
The magnetic field dependence demonstrates remark-
able peculiarities. For φ close to zero the dependence of
the amplitude |E| on H has a deep minimum. At H
that corresponds to the minimum of |E| the change in
the phase of E is close to pi. Such behavior can be de-
scribed in the vector diagram language. The AET sig-
nal behaves as a vector sum of two almost collinear com-
ponents, an even in the magnetic field and an odd one:
|E
|
,
|E
|
e
o
Fig. 2: The field dependence of the amplitude and phase of the
AET signal at T = 9 K and φ = 20◦. The signal at H0 = 0 is
used as the reference point for the phase and the scale for the
amplitude. The inset shows the amplitudes of the even and
odd components.
Ee(o) = [E(H) ± E(−H)]/2. The amplitudes |Ee| and
|Eo| are shown in the inset of Fig. 2. One can see that the
odd component is linear in the magnetic field and it is just
the usual Hall component, while the even one is practically
independent of H . The amplitude of the even component
is equal to the amplitude of the odd (Hall) one at B ≈ 2T.
It allows us to estimate the value of the AET signal at zero
magnetic field. It is in the factor of ΩB=2T/ω larger than
one caused by the inertial Stewart-Tolman force. For our
frequency ΩB=2T/ω ∼ 10
3.
Fig. 2 shows the most demonstrative example where
two components are in-phase or in antiphase. Under ro-
tation of the antenna the amplitudes and phases of two
components vary in different ways. Then, the position of
the minimum is shifted and its depth is changed. In prin-
ciple, it is possible to choose the antenna orientation for
which the even and odd component are orthogonal to each
other. In that case the minimum disappears. The posi-
tion of the minimum depends on the quality of the sur-
face treatment. In case of crude treatment the minimum
moves to the range of fields inaccessible in our experiments
(> 5.5T). But in any case, the even and odd components
demonstrate a behavior similar to one shown in the in-
set of Fig. 2, only the relation between their modules is
changed. Let us also emphasize that we do not observe
any hysteresis in the field dependencies (shown in Fig. 2
as well as obtained in other measurements), any nonlinear
dependence of the signal on the sound amplitude, and any
step-like features (that would be considered as a hallmark
of spin-flop transitions).
Two effects may provide the Hall current in the absence
of the magnetic field. They are the AHE and PZM effect
and both of them are realized in magnetically ordered me-
p-3
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dia. As a rule the AHE is observed in ferromagnetic con-
ductors (see [18] and references therein), but, in principle,
similar phenomenon is also possible in antiferromagnets
(AFM) [19, 20]. The intensity of the AHE can be charac-
terized by the ratio of the off-diagonal component of the
conductivity tensor to the diagonal one: η = σxy/σxx,
This ratio yields the fraction of the transport current that
branches off in a direction perpendicular to it. There are
many experiments on the AHE in ferromagnets [18]. Ex-
perimental data indicate that the maximum value of η
does not exceed 10−2. Unfortunately, there is no experi-
mental statistics on the AHE in AFM. As far as we know
the AHE was observed only in hematite [19]. For this
compound the branch off factor is η ≈ 2× 10−4.
The ferromagnetic AHE implies that the sample has a
spontaneous static magnetic moment M . Our attempt to
register the magnetic field outside the samples was un-
successful (we used the fluxgate sensor with sensitivity
about 1 Oe and examined one sample with dimension
1.4 × 1 × 0.3mm that corresponds to the demagnetizing
factor ≈ 0.7). This means that even of the spontaneous
moment exists, it is small enough, or it is concentrated in a
thin surface layer that results in the effective demagnetiz-
ing factor close to unity. In the latter case the thickness of
the magnetic layer is of order of the exchange force range
a0 ∼ 10
−7 cm.
Let us check whether the AHE with physically relevant
η explains the observed anomaly. We write eq. (1) for the
Ey component disregarding the contribution of the second
term in the right hand side of eq. (1) and separating
explicitly the anomalous part of the current
d2Ey
dz2
=
4piiω
c2
(σ0Ey + jan) = k
2
1Ey, (4)
where k21 ≈ −q
2 and k21 ≈ a
−2
0 in case of bulk and surface
ferromagnetism, correspondingly, and
jan = η(iωneu)
M
Mmax
(5)
is the anomalous current (here Mmax is the saturation
magnetic moment). The factor in the round brackets in eq.
(5) corresponds to the x-component of the electron current
caused by the sound beam (the analog of the transport
current). A possible polydomain magnetic structure is
accounted by the factor M/Mmax. For an AMF k
2
1 ≈
−q2 and the expression for the current (5) contains the
antiferromagnetic vector L instead of M .
The quantity η can be evaluated taking into account
that at B = B0 ≈ 2 T the observed anomalous signal is
of the same value as the usual Hall signal (Fig 2). From
Eqs. (2), (4) and (5) we obtain
η =
∣∣∣∣k21 − k20q2 + k20
∣∣∣∣ σ0B0nec MmaxM . (6)
The resistivity of our samples at T = 10 K is ρ ≈ 40 µΩ·cm
[21] that yields |k20 | ≈ 10
5 cm−2. The quantity q2 evalu-
ated from the velocity of the C44 mode (s = 1.38 × 10
5
cm/s [15]) is q2 = 6.25 × 106 cm−2. The Hall measure-
ments yield the density of carriers n ∼ 1020 ÷ 1021 cm−3
[1], but since the electron structure of FeSe corresponds
to the compensated metal [22], this quantity is most likely
overestimated. A more realistic estimate for n can be
obtained from the London penetration depth: at T = 0
λ2L(0) = mc
2/4pine2 [11]. For the FeSe0.94 polycrystal the
in-plane magnetic penetration depth λL(0) ≈ 0.4÷0.5 µm
was obtained in [23]. From this value, assuming that m
is close to the free electron mass, we evaluate n ∼ 1020
cm−3. This yields the branch-off factor η ∼ 0.3 (we put
the factor M/Mmax of order of unity). For our samples
we obtain even larger λL(0) (see below) that corresponds
to n ∼ 1019 cm−3 and η > 1. Assuming surface ferromag-
netism we get η ≫ 1. Such values of η are unphysical and
we conclude that the anomalous AET behavior observed
in our experiment cannot be accounted for the AHE.
Let us now take into account the PZM effect. Neglecting
jan and considering the case H = 0 we obtain from eq. (1)
d2Ey
dz2
= k2Ey −
4piiω
c
dmx
dz
, (7)
where k2 = k20 and k
2 = k2s for the normal and super-
conducting state, correspondingly. In eq. (7) mx is the x-
component of the magnetic moment induced by the elastic
wave. It can be presented as mx =
∑
iΠxixzLiC44du/dz
[20], where C44 is the elastic constant, Li is the i-th com-
ponent of the vector of antiferromagnetism, and Πxixz are
the PZM coefficients (in [7, 24] the PZM modulus Λ0 de-
fined as Λ0 =
∑
iΠxixzLi was used). The general form for
the matrices of the PZM coefficients for different magnetic
structures is given in [20].
Replacing d2/dz2 with −q2, we get
|Ey| =
4piω
c
q2
q2 + k2
Λ0C44u. (8)
For FeSe C44 ≈ 10
11 dyn/cm2 [15]. From the condition
that the Hall signal at B ≈ 2 T coincides with the PZM
signal we obtain Λ0 = 2.4× 10
−10 emu/(dyn·cm). This is
quite reasonable estimate that is one order less than the
maximum known value for the PZM modulus (measured
in CoF2 [24]).
We would note that for the displacement vector polar-
ized in the x-direction the appearance of the my compo-
nent is not principally prohibited, especially in polydo-
main samples. In the latter case the PZM effect would
be responsible for the appearance of the Ex component
of the AET signal as well. In principle, it may explain
the temperature shift of the extremum in the polarization
diagrams.
The PZM effect considered is connected with that the
elastic deformations violate the strictly antiparallel con-
figuration of spins in AMF. In principle, another scenario
that mimics the PZM effect can be realized. Let us imag-
ine that the sample has a nonzero magnetic moment M
which direction is bound to the [001] axis by the anisotropy
p-4
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forces. The origin of the magnetic moment can be the
interstitial Fe or a magnetic phase grown at the surface
(while each time prior to the cooling the working surface
of the sample was cleaned by grinding with a fine abrasive
powder, it does not exclude the presence of another phase
of the atomic thickness at the surface). The elastic dis-
placement u produces a tilt of the [001] axis at the angle
ϕ = rotu/2 [7] with respect to the z axis. Then the mx =
M(du/dz)/2 component appears. The measured value of
mx ismx = Λ0C44(du/dz), where Λ0 is given above. If the
interstitial Fe were responsible for the effect observed, the
bulk magnetization would beM = 2Λ0C44 ≈ 50 emu/cm
3.
Than, the magnetic field near the sample surface is eval-
uated as Bz = 4pi(1 − b)M ≈ 180 G [7] (b = 0.7 is the
demagnetization factor). Such a field had to be registered
easily by the fluxgate sensor, but this was not the case.
To provide the same AET signal the magnetization of the
magnetic phase at the surface would be by the factor of
(qa0)
−1 > 103 larger (per unit volume) than the bulk one.
The latter possibility also looks unrealistic.
The explanation of our results in terms of the PZM ef-
fect immediately raises the question on the type of the
magnetic structure in FeSe single crystals. In any case, it
is obviously not a static AFM. It was shown in [24] that
for the usual AFM the dependence of the PZM modulus
on temperature reproduces the temperature dependence
of the sublattice magnetization. It follows from (8) that
at k20 ≪ q
2 the behavior of |Ey | is determined by the be-
havior of the PZM modulus. One can see from Fig. 1 that
in the normal state |Ey| increases almost linearly with the
decrease of temperature, and it does not show any ten-
dency to the saturation. It is most likely that in case of
FeSe we deal with a dynamic short-range magnetic order.
This conclusion correlates with an increase in AFM fluc-
tuations in FeSe under approaching Tc [4] and justifies the
negative results of the Mossbauer [6], neutron and µSR ex-
periments [3]. But we would like to emphasize that for the
observation of the PZM effect AFM fluctuations should
have some preferable orientation of the antiferromagnetic
vector.
The behavior of the AET signal in the superconducting
state atH = 0 is shown in Fig. 3. The signal decreases be-
low Tc, but it does not disappear completely and saturates
at the value easily accessible for the measurements. Tak-
ing into account that for the normal state k2 = k20 ≪ q
2
and for the superconduction state k2 = k2s = λ
−2
L we get
from eq. (8) the relation
Eny (Tc)
Esy(T )
=
(
1 +
1
q2λ2L(T )
)
f(T ). (9)
Here the factor f(T ) accounts possible changes in the PZM
modulus in the superconducting state. Assuming f(T ) =
1 we obtain the temperature dependence λ−2L (T ) shown in
the inset of Fig. 3. The value λL(0) obtained as the limit
of λL(T ) at T → 0 is 1.82 ± 0.03 µm. This quantity can
Fig. 3: The AET signal in the superconducting phase at φ = 0.
The inset shows the inverse square of the London penetration
depth.
be also extracted from the slope of λ−2L (T ) near Tc [11]:
λ−2L (T ) = λ
−2
L (0)
2(Tc − T )
Tc
(10)
that yields λL(0) = (1.65 ± 0.1) µm. These estimates al-
most coincide to each other. This coincidence justifies our
assumption that the PZMmodulus remains unchanged be-
low Tc. In other words, superconductivity and piezomag-
netism co-exist ”peacefully”. One can in principle think
about some phase separation scenario as a possible expla-
nation of the behavior of the AET signal in the supercon-
ducting state. Then neither expression (9) nor (10) can
be used for obtaining λL(0), and λL(0) given by eq. (9)
can coincide with the one by eq. (10) only accidentally.
Therefore, the phase separation scenario looks doubtful.
We obtain λL(0) that is in three times larger than one
found in [23] for the FeSe0.94 polycrystal, and our esti-
mate for λL(0) corresponds to the carrier density n ∼ 10
19
cm−3. Perhaps the discrepancy with [23] can be accounted
by for a strong dependence of the carrier density on the
structure of the sample and on its composition.
In summary, we have investigated the acoustoelectric
transformation in high quality single crystals of FeSe. An
abnormally strong electromagnetic radiation stimulated
by the sound wave was detected in zero magnetic field.
Most likely the nature of the effect is connected with the
piezomagnetic properties of FeSe crystals. This implies
that FeSe has some kind of magnetic order most probably
the dynamical one. The value of the piezomagnetic con-
stant is estimated. In the superconducting state the lower-
ing of the AET signal can be accounted completely for by
the change in the London penetration depth λL(T ). The
latter means that the piezomagnetic interaction remains
p-5
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unchanged. Our experiment yields a rather large estimate
for λL(0), that is apparently due to the low electron den-
sity.
∗ ∗ ∗
This study was supported in part by the grants of Rus-
sian Foundation for Basic Research 12-02-90405, 13-02-
00174, and Russian Ministry of Science and Education
11.519.11.6012 and 8378. The authors are grateful to
N.F.Kharchenko, I.E.Chupis and Yu.G.Pashkevich for the
useful discussions and S.I.Bondarenko for the assistance
in the magnetic measurements.
REFERENCES
[1] Feng Q. J., Shen D. Z., Zhang J. Y., Li B. S., Li B. H., Lu
Y. M., Fan X. W. and Liang H. W., Appl. Phys. Lett., 88
(2006) 012505.
[2] Tsukada I., Hanawa M., Komiya S., Akiike T., Tanaka R.,
Imai Y. and Maeda A., Phys. Rev. B, 81 (2010) 054515.
[3] Bendele M., Ichsanow A., Pashkevich Yu., Keller L.,
Stra¨ssle Th., Gusev A., Pomjakushina E., Conder K.,
Khasanov R. and Keller H., Phys. Rev. B, 85 (2012)
064517.
[4] Imai T., Ahilan K., Ning F. L., McQueen T. M. and Cava
R. J., Phys. Rev. Lett., 102 (2009) 177005.
[5] Hu R., Lei H., Abeykoon M., Bozin E. S., Billinge S. J. L.,
Warren J. B., Siegrist T. and Petrovic C., Phys. Rev. B,
83 (2011) 224502.
[6] Medvedev S., McQueen T.M., Troyan I.A., Palasyuk T.,
Eremets M.I., Cava R. J., Naghavi S., Casper F., Kseno-
fontov V., Wortmann G. and Felser C., Nature Materials,
8 (2009) 630.
[7] Landau L.D. and Lifshitz E.M., Electrodynamics of Con-
tinuous Media (Pergamon, Oxford, England) 1984.
[8] Fil V. D., Low Temp. Phys., 27 (2001) 993; Fiz. Nizk.
Temp., 27 (2001) 1347.
[9] Fil V. D., Fil D. V., Avramenko Yu. A., Gaiduk A. L. and
Johnson W. L., Phys. Rev.B, 71 (2005) 092504.
[10] Fil V. D., Fil D. V., Zholobenko A. N., Burma N. G.,
Avramenko Yu. A., Kim J. D., Choi S. M. and Lee S. I.,
Europhys. Lett., 76 (2006) 484.
[11] Abrikosov A. A., Fundamentals of the Theory of Metals
(Elsevier Science, Amsterdam) 1988.
[12] Kontorovich V. M., Sov. Phys. Usp., 27 (1984) 134.
[13] Fil V. D., Ignatova T. V., Burma N. G., Petrishin A. I.,
Fil D. V. and Shitsevalova N. Yu., Low Temp. Phys., 33
(2007) 1019; Fiz. Nizk. Temp., 33 (2007) 1342.
[14] Chareev D., Osadchii E., Kuzmicheva T., Lin J.-Y.,
Kuzmichev S., Volkova O. and Vasiliev A., Cryst. Eng.
Commun., 15 (2013) 1989.
[15] Zvyagina G. A., Gaydamak T. N., Zhekov K. R., Bilich I.
V., Fil V. D., Vasiliev A. N., and Chareev D. A., Europhys.
Lett., 101 (2013) 56005.
[16] Lin J. Y., Hsieh Y. S., Chareev D. A. , Vasiliev A. N., Par-
sons Y., and Yang H. D., Phys. Rev.B. 84 (2011) 220507.
[17] Masalitin E. A., Fil V. D., Zhekov K. R., Zholobenko
A. N., Ignatova T. V., and Lee S.-I., Low Temp. Phys.,
29(2003) 72; Fiz. Nizk. Temp., 29 (2003) 93.
[18] Nagaosa N., Sinova J., Onoda S., MacDonald A. H., and
Ong N. P., Rev. Mod. Phys., 82 (2010) 1539.
[19] Vlasov K. B., Rosenberg E. A., Titova A. G. and Yakovlev
U. M., Sov. Phys. Solid State, 22 (1980) 967; Fiz. Tverd.
Tela, 22 (1980) 1656.
[20] Turov E. A., Kolchanov A. V., Kurkin M. I., Mirsaev I.
F. and Nikolaev V.V., Symmetry and physical properties of
antiferromagnetics (Cambridge International Science Pub-
lishing) 2010.
[21] Luo C. W., Wu I. H., Cheng P. C., Lin J.-Y., Wu K.
H., Uen T. M., Juang J. Y., Kobayashi T., Chareev D.
A., Volkova O. S. and Vasiliev A. N., Phys.Rev.Lett., 108
(2012) 257006.
[22] Ma F., Ji W., Hu J., Lu Z.-Y. and Xiang T., Phys. Rev.
Lett., 102 (2009) 177003.
[23] Khasanov R., Bendele M., Amato A., Conder K., Keller
H., Klauss H.-H., Luetkens H. and Pomjakushina E., Phys.
Rev. Lett., 104 (2010) 087004.
[24] Borovik-Romanov A. S., Sov. Phys. JETP, 11 (1960) 786;
Zh. Eksp. Teor. Fiz., 38 (1960) 1088; Borovik- Romanov A.
S. and Grimmer H., International Tables for Crytallogra-
phy, Vol. D: Physical Properties of Crytals, edited by Au-
thier A. (Kluwer Academic Publishers, Dordrecht, Boston,
London) 2003, Chapt. 1.5: Magnetic properties.
p-6
